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Motor variability can facilitate motor exploration necessary for learning. In this issue of Neuron, Woolley et al.
(2014) record at different stages of the songbird basal ganglia and show that social-context modulation of
motor variability first emerges in the pallidum.Whether watching Yuzuru Hanyu jump a
triple axel at the Sochi Olympics or Hillary
Hahn perform Paganini’s violin concerto,
we can’t help but be astounded by the im-
peccable precision of their movements.
These masterful performances, however,
come at great cost to the performers,
who must practice for tireless hours to
reduce the variability of their movements.
For humans, such precision wins them
applause from the critics but for many
animals, performance precision affects
directly whether or not they will be able
to breed. In certain species of songbirds,
for example, females show the strongest
preference for songs that are delivered
with the smallest amount of variability
(Woolley and Doupe, 2008).
Although humans and other animals
often strive for motor precision, a certain
degree of variability is inevitable because
of the stochastic nature of the neural pro-
cesses that lead up to movement genera-
tion. In fact, much effort has been spent
trying to understand how such noise
might be minimized, assuming that it cor-rupts performance (Churchland et al.,
2010). However, motor noise might not
always be a bad thing. During reinforce-
ment learning, for example, there is a
need to balance exploration of the envi-
ronment (e.g., trying out different actions
to see what outcomes they lead to in
order to find the best outcome for the
future) with exploitation of acquired
knowledge (e.g., sticking to the action
that had led to the best outcome in the
past). During the exploration phase,
higher motor variability means a wider
range of sampling that increases the
odds of finding the best way to perform.
During the exploitation phase, motor
variability should be low to aim precisely
for the currently best performance. The
importance of motor variability in human
learning is highlighted in a new study by
Wu et al. (2014), where they show that
subjects can adapt the structure of motor
variability to different tasks and that the
speed with which they learn appears to
be directly proportional to how well vari-
ability matches task demands.Given its importance to learning, the
question of course is where and how
appropriate modulation of motor vari-
ability is implemented in the brain. The
songbird, and the zebra finch in particular,
provides a great model system for ad-
dressing this question. Song production
and learning has well-defined underlying
neural circuits and song performance
directed to females is highly stereotyped,
providing a stable low-variability baseline
to study modulation of motor variability in
other social contexts. In the current issue
of Neuron, Woolley et al. (2014) suggest
that the context-dependent song vari-
ability in zebra finches first emerges in
the pallidum of the basal ganglia, a neural
structure long associated with reinforce-
ment-based motor learning and at the
root of many neurological disorders.
The basic circuit for song production
consists of a ‘‘cortical’’ motor pathway
and a ‘‘basal ganglia’’ pathway that has
striking homologies to basal ganglia tha-
lamocortical circuits in mammals (see
Figure 1). The cortical pathway goes
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Figure 1. Emergence of Neural Variability in the Avian Basal Ganglia
Cartoon diagram showing where variability first emerges (*) in the song control circuit. For each area,
activity is illustrated for four consecutive song trials (syllables A, B, and C) to provide a representative
view of rendition-to-rendition variability. Note that DLM activity has yet to be compared experimentally
across contexts. In some areas, activity is shown for more than one neuron (n1, n2, and n3). Inhibitory syn-
apses are shown in red and excitatory in black.
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Previewsfrom HVC (used as a proper name) to RA
(robust nucleus of the arcopallium), which
controls the downstream vocal-respira-
tory neurons to produce a song. When a
male bird sings to a female (directed
song), firing patterns of both HVC and
RA neurons are time locked to specific
features of the song with submillisecond
precision (black spikes in Figure 1), lead-
ing to highly stereotyped songs from
rendition to rendition. When the bird sings
by himself (undirected song), HVC activity
remains precise but RA neurons show
more variable firing patterns (black +
green spikes in Figure 1), leading to less
stereotyped songs. The basal ganglia
pathway appears to be the source of this
variability because inactivation of LMAN
(lateral magnocellular nucleus of the nido-
pallium), which blocks the basal gangliainfluence on RA activity, eliminates vari-
ability in undirected songs (Kao and
Brainard, 2006).
The basal ganglia pathway begins with
a subpopulation of HVC neurons (HVCx)
that projects to Area X, a basal ganglia
nucleus containing both striatal spiny
neurons (SNs) and pallidal (GPi) neurons.
Area X forms a loop with a thalamic nu-
cleus (DLM) and LMAN. To find the origin
of social context-modulated variability in
this pathway, Woolley et al. (2014) re-
corded from single neurons in singing
birds, stepping through HVCx neurons,
SN and GPi neurons in Area X. HVCx
neurons showed the same precise firing
patterns in both social contexts. The
new and exciting findings came from
comparisons between the two types of
Area X neurons.NeuWith the exception that the overall num-
ber of spikes per burst was greater during
undirected songs, individual SNs ex-
hibited precise song-locked bursts that
were equally reliable during directed and
undirected songs, similar to HVCx neu-
rons. In contrast, GPi neurons showed sig-
nificant differences in song-related activity
between song types. GPi neurons usually
fire at very high frequency during rest
(200 Hz) and even higher during singing
(300–400 Hz). During directed songs, GPi
neurons showed short pauses and decel-
erations in firing that were locked to spe-
cific song components. During undirected
songs, the timing of the pauses became
much more variable between renditions.
The difference in GPi variability did not
disappear after large lesions of LMAN,
suggesting that variability in GPi activity
during undirected songs is likely not
derived from LMAN inputs to Area X.
Because neither HVC, nor LMAN, seems
to provide the context modulation of GPi
variability, these findings suggest that
such modulation originates from compu-
tations performed within Area X.
As a candidate computation, Woolley
et al. (2014) propose that the context
modulation of GPi variability arises from
context modulation of the correlation
structure among SNs. This idea is based
on the mathematical intuition that, if a
group of random variables are linearly
pooled, the variance of the sum depends
on the level of independence among the
variables. In a simple example, consider
the sum of 2 random variables, each
with the same variance (s2). The variance
of the sum is 2s2 + 2rs2 with r represent-
ing the correlation between the two vari-
ables. Assuming that GPi neurons pool
inhibitory inputs from many SNs, Woolley
et al. (2014) suggest that SNs are less
correlated in their firing during directed
songs (small r), leading to less variability
in GPi activity. In contrast, when the
male bird sings alone, SNs become
more correlated in their activity (large r),
leading to higher variability in GPi activity.
Speculating about what mechanism(s)
could modulate the correlation between
spinyneurons,Woolley et al. (2014) looked
toward the neuromodulator dopamine,
another major input (from the ventral
tegmental area [VTA]) to Area X. This
speculation is based on previous studies
in songbirds, which show that theron 82, April 2, 2014 ª2014 Elsevier Inc. 7
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Previewsdopaminergic input toAreaX ismodulated
by social context (Sasaki et al., 2006; Ya-
nagihara and Hessler, 2006) and is caus-
ally related to GPi variability (Leblois
et al., 2010), aswell as fromwork inmouse
striatum showing that dopamine modu-
lates entrainment of SNs to the local field
potential (Burkhardt et al., 2009).
The proposed mechanism has several
merits. First, it provides a plausible expla-
nation for the social-context modulation
of neuronal and song variability. Second,
the prediction that correlation between
SNs is lower when a male bird sings to
females can be tested directly. Third, if
true, it may facilitate future studies of
how incentives (such as mate attraction)
influence neuronal synchrony in the basal
ganglia in natural behaviors, comple-
menting previous studies in mammalian
models that focused more on how
abnormal synchrony relates to patholog-
ical conditions (Bergman et al., 1998;
Costa et al., 2006). Last, it piques further
interest in the fundamental question of
‘‘how and where is variability generated?’’
For example, in a linear pooling model,
although the correlation structure of input
variables canmodulate the variance of the
sum, the lower and upper bounds are set
by variance of the input variables and their
pooling weights. Assuming that the nearly
100:1 convergence from SNs to GPi neu-
rons in rats extends to songbirds (Oor-
schot, 1996), how is such convergence
balanced with the connection strength at
SN-GPi synapses to ensure the right8 Neuron 82, April 2, 2014 ª2014 Elsevier Incrange of variability in GPi activity? As the
intrinsic and synaptic properties of GPi
neurons probably invalidate a strict linear
pooling scheme, how much do nonlinear
dynamics influence GPi variability?
Adding to these unknowns, previous re-
sults and the present study also deepen
the plot. For example, just as LMAN
lesions do not lower Area X variability dur-
ing undirected songs, Area X lesions fail to
remove variability of undirected songs (Ali
et al., 2013; reviewed inFeeandGoldberg,
2011). Could there be multiple sources of
neural variability (e.g., one each in Area X
and LMAN) that work in concert to drive
behavioral variability? Furthermore, the
thalamic relay nucleus DLM, which links
Area X and LMAN and receives RA input,
integrates RA and GPi inputs in a state-
dependent manner (Goldberg et al.,
2013). DoesDLMplay any roles in thegen-
eration andmodulation of songvariability?
Understanding how these different stages
of processing contribute to song vari-
ability will undoubtedly require creative
experiments where individual populations
are manipulated across different behav-
ioral contexts. In themeantime, we should
all enjoy the way the basal ganglia have
helped shape some of the world’s most
delightful performances.REFERENCES
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